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The first discovered interstellar object (ISO), ‘Oumuamua (1I/2017 U1) shows a dry and
rocky surface, an unusually elongated short-to-long axis ratio c{a À 1{6, a low velocity rela-
tive to the local standard of rest („ 10 km s´1), non-gravitational accelerations, and tumbles
on a few hours timescale1–9. The inferred number density („ 3.5 ˆ 1013 ´ 2 ˆ 1015 pc´3) for
a population of asteroidal ISOs10, 11 outnumbers cometary ISOs12 by ě 103, in contrast to the
much lower ratio (À 10´2) of rocky/icy Kuiper belt objects13. Although some scenarios can
cause the ejection of asteroidal ISOs14, 15, a unified formation theory has yet to comprehen-
sively link all ‘Oumuamua’s puzzling characteristics and to account for the population. Here
we show by numerical simulations that ‘Oumuamua-like ISOs can be prolifically produced
through extensive tidal fragmentation and ejected during close encounters of their volatile-
rich parent bodies with their host stars. Material strength enhanced by the intensive heating
during periastron passages enables the emergence of extremely elongated triaxial ISOs with
shape c{a À 1{10, sizes a „ 100 m, and rocky surfaces. Although volatiles with low sublima-
tion temperature (such as CO) are concurrently depleted, H2O buried under surfaces is pre-
served in these ISOs, providing an outgassing source without measurable cometary activities
for ‘Oumuamua’s non-gravitational accelerations during its passage through the inner Solar
System. We infer that the progenitors of ‘Oumuamua-like ISOs may be km-sized long-period
comets from Oort clouds, km-sized residual planetesimals from debris disks, or planet-size
bodies at a few AU, orbiting around low-mass main-sequence stars or white dwarfs. These
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provide abundant reservoirs to account for ‘Oumuamua’s occurrence rate.
We use the PKDGRAV N -body code to simulate the tidal disruption processes (see Meth-
ods). ‘Oumuamua’s parent bodies are modelled as self-gravitating rubble piles, which represent
the most typical structure for Solar System small bodies16, 17. A soft-sphere discrete-element model
is applied to compute the contact forces and torques between granules in the normal, tangential,
rolling, and twisting directions. These quantities determine the magnitude of the material shear
and cohesive strengths. For the first set of models, the parent body is represented as a spherical
granular aggregate with an initial bulk density of ρp “ 2,000 kg m´3, a radius of Rp “ 100 m, and
no initial spin. The host is assumed to be a main-sequence star whose mass Ms “ 0.5Md, radius
Rs » 0.5Rd, and average density ρs » 4ρd (the region where tidal disruption occurs is much
larger around low-mass stars as they have higher densities; see Methods). Its limiting distance of
tidal disruption for gravity-dominated bodies18 (such as gas giants, super-Earths, minor and dwarf
planets) is dlimitpRp Á 1 kmq “ 1.05pMs{ρpq1{3 » 8.3 ˆ 108 m ą Rs. Small bodies with radii
smaller than a few km are bonded by material strength. The limiting distance for these strength-
dominated bodies is modified to be dlimitpRp À 1 kmq » 0.52pC1{R2pρ2p ` C2q´1{3pMs{ρpq1{3,
where C1 and C2 are constants related to the material cohesive and shear strengths, respectively
(see Methods). Objects with dlimitpRpq À Rs would crash coherently into their host stars if their
periastron distance dp ă Rs. Accordingly, our simulation results can be scaled to different values
of Rp, ρp, and Ms.
We performed a series of simulations with the parent body approaches the host star on a
high-eccentricity e0 orbit with dp “ 3.5–8.0ˆ 108 m ą Rs. After the tidal disruption, it breaks up
into many pieces with fractional fE „ ˘Rp{rp1´ e0qdps change to their incoming specific orbital
energy. The criterion for a significant fraction of the fragments to escape from the host stars is
|fE| Á 1 or p1 ´ e0q À Rp{dp (see Methods). For the parent bodies with Rp “ 100 m considered
in the first set of simulations, p1 ´ e0q „ 10´6 is required to meet the ejection criterion. The
corresponding initial orbital semi-major axis a0 “ 2,300–5,300 AU, which is comparable to the
size of the inner Oort cloud in the Solar System. The tidal debris of larger-Rp parent bodies can
readily escape with smaller e0 and a0. A second set of simulations (see below) on the passage of
Rp “ 2 ˆ 107 m super-Earths with similar periastron distances shows that half of the fragments
can be ejected with a smaller e0 „ 0.999. The corresponding a0 (a few AU) is within the region
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where most planets reside.
As shown in Fig. 1, during the periastron passage, the integrity of the parent body is preserved
by its intrinsic material shear strength for encounters with dp Á 6 ˆ 108 m (see Methods). For
closer encounters, the parent body is spun up, significantly distorted and then disrupted by the
stellar tides, to produce numerous fragments (see Supplementary Video 1). The tidal force is a
steeply decreasing function of the periastron distance. With a smaller dp, the parent body breaks
up into a greater number of smaller, highly elongated fragments (see the top-left insert of Fig. 1
and Supplementary Fig. 1). The normalised orbital-energy-per-mass increment fE ą 1 for some
fragments. This change is adequate for them to escape (represented by the red fragments in Fig. 1)
from the gravitational potential of their host star plus additional, if any, Jupiter-like planets (see
Methods).
Nearly all the fragments are triaxial prolate and rapidly tumbling. Larger fragments tend
to tumble on timescale of a few to tens of hours with more extreme c{a ratios. The light curve
associated with this state is compatible with observations on ‘Oumuamua (see Methods). The
timescale of damping their tumbling motion by their internal friction is ą 5 Gyr (see Methods).
The fragments’ internal density is generally reduced by the tidal and rotational deformation to
„ ρp{2 „ 1,000 kg m´3. Despite the low density, their internal friction and cohesion (in addition
to gravity) prevent them from rotational breakup. In order to consider a range of potential material
strengths, we performed tidal disruption simulations with different friction angles φ and cohesive
strengths C to show that the production of elongated (with c{a À 1{3) fragments is robust (see
Fig. 2).
Planetesimal parent bodies originated well outside the snow line (at a few AU) are likely to
have icy/rocky composition similar to that of the comets. But, their surfaces are intensely heated by
their original host stars during the disruptive periastron passage. The thermal modelling (see Fig. 3
and Methods) shows that the melting and re-condensation (at 3 hours after periastron) of surface
silicates lead to the build-up of desiccated crusts on the resulting fragments and the transformation
from cometary to asteroidal exteriors. The enhancement of cohesion due to sintering of silicates in
the crusts leads to more extreme c{a pÀ 1{10q with a „ 100 m (see Fig. 2b). These results offer a
possible formation scenario for the reported shape, size, and surface features of ‘Oumuamua.
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Heat diffusion continues after periastron passage. At 3 m beneath fragments’ surfaces, the
temperature may reach 28 K (CO’s sublimation temperature) at 37,000 days after periastron (at
„100 AU), such that a substantial fraction of volatiles in an ‘Oumuamua-size fragment may be
evaporated. The CO depletion provides an explanation not only for ‘Oumuamua’s spectroscopic
properties8, but also for the observationally inferred “dryness” (i.e., large rock/ice-ratio compared
to cometary material) of the interstellar population10, 11. Despite the CO depletion, H2O and CO2
(with higher sublimation temperature), buried at depths ą 0.1–0.2 m and ą 0.2–0.5 m, respec-
tively, remain in a condensed form (see Fig. 3).
After the formation and ejection from their host stars, the fragments’ motion is gravitationally
accelerated, dragged by the interstellar gas, and retarded by the interstellar magnetic field through
Alfve´n propulsion19. When a dynamical equilibrium is established by the balance of these effects,
the ISOs attain a size-dependent terminal speed vtermpRISOq relative to the local standard of rest
(LSR) without significant spin evolution (see Methods). For a 100-m-sized object formed a few
Gyr ago, vterm is consistent with the observed motion of ‘Oumuamua („10 km s´1) prior to its
Solar System entry. This magnetic retardation effect is negligible on ISOs with radii RISO Á 1 km
and their motion relative to the LSR is expected to be similar to stars with comparable age.
Following ‘Oumuamua’s passage through the inner Solar System, near perihelion, the H2O
sublimation temperature is reached at greater depths beneath the crusts of the fragments than dur-
ing the course of their prior formation and ejection (see Fig. 3c), as the Sun is brighter and hotter
than their original low-mass host star (see Methods). Vaporisation of this additional inventory of
volatile may bring some organic material to their porous surfaces with photometric characteris-
tics resembling that found from ‘Oumuamua’s colour analyses20. Despite the lack of coma, the
delayed resumption of outgassing may also lead to the reported non-gravitational accelerations7, 8
(see Methods).
Based on the described formation and ejection mechanism, long-period comets (LPCs) and
residual planetesimals on nearly parabolic orbits are promising candidates for ‘Oumuamua’s parent
bodies. Under the combined influence of the Galactic tide, passing stars, and planetary perturbations21, 22,
a few km-sized LPCs intrude each year from the inner Oort cloud (with a0 À 2 ˆ 104 AU) to the
stellar proximity with 1 ´ e0 À 10´5. Since the size of typical visible comets are much larger
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(Á10) than ‘Oumuamua, they can provide an adequate supply of asteroidal ISOs through the accu-
mulative ejection of the extensively downsized tidal fragments (analogous to Shoemaker-Levy-9)
from a few percent of the LPC population (comparable to the required mass ejection per star
Mej » p0.0017–0.1qM‘; see Methods). Debris disks are common around other stars and they are
also potential reservoirs of asteroidal ISOs. Similar physical processes can also lead to cometary
ISOs11 through the direct detachment of icy residual planetesimals without tidal disruption and
intense heating in the proximity of their host stars (which are the critical processes to produce
attributes similar to ‘Oumuamua).
Kepler23 and microlensing24 surveys unveiled the omnipresence of multiple close-in super-
Earths and distant sub-Neptunes around low-mass stars. These planets provide a second class of
plausible parent-body candidates. Since a planet’s mass Mp " Mej, a few percent efficiency per
star is adequate to account for the asteroidal ISOs’ occurrence rate. In multiple systems, their ec-
centricity can be elevated to unity by their own dynamical instability25, 26. Our simulations of the
tidal disruption of a self-gravity-dominated super-Earth (with Rp “ 2 ˆ 107 m and Mp “ 11M‘)
on an e0 “ 0.999 and dp “ 4 ˆ 108 m orbit around a 0.5Md host star show that half of the
fragments, with mass up to Mupper „ 0.1Mp, can obtain a normalised orbital-energy-per-mass in-
crement fE ą 1 and escape from the host star (see Methods). Through extremely close encounters
with dp ! dlimit, super-Earths can be reduced to fragments with Mupper ! Mp. Tidal downsiz-
ing continues until the fragments are small enough to be dominated by material strength without
further disintegration (see Methods). Since for the host stars Rs9Ms and dlimit{Rs9M´2{3s , tidal
fragments with a „ 100 m are produced more readily in the proximity of low-mass main-sequence
stars. These hosts are also the most common and long-lasting stars with ubiquitous multiple super-
Earths27. A modest planet/star mass ratio is favourable for the planets to acquire large e0 through
dynamical instability and secular chaos28, and for their fragments to be ejected. During the cooling
and solidification of tidally disrupted fragments of planets’ molten cores, sintering surfaces provide
adequate material strength to produce the observed c{a ratio. However, the impact of their thermal
evolution on the retention of volatiles to account for ‘Oumuamua’s non-gravitational accelerations
is highly uncertain (see Methods).
Similar physical processes around white dwarfs offer a third pathway for the prolific pro-
duction of tidal debris15, 29, with a fraction of which may have rocky surfaces and sizes similar to
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‘Oumuamua. As the post-main-sequence byproducts of stars, white dwarfs may retain some resid-
ual icy planetesimals and planets after their progenitors have lost their red-giant envelopes30. The
total population of their progenitors is largely outnumbered by that of main-sequence stars with
Ms À 0.5Md. They may contribute a small fraction of the original hosts of asteroidal ISOs (see
Methods).
In our attempt to address plausible causes of all aspects of the ‘Oumuamua conundrum, we
highlight the prolificacy and robustness of asteroidal ISO diffusion between stars near and far.
Since these sojourns pass through the domains of habitable zones, the prospect of panspermia,
carried by them (nicknamed sola lapis11), cannot be ruled out.
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Figure 1: Tidal disruption processes and fragmentation outcomes at different periastron dis-
tances for the first set of models. The main panel superimposes the trajectories (the dashed lines)
and the evolution of the rubble-pile parent body (the beige granular aggregates with mass centres
locating at each corresponding trajectory; enlarged for illustration purpose) at different times t as
it flies by the star (from left to right), with three pericentre separations dp. The luminous sphere
represents the position and size of the star. The resulting fragments at the last scene are coloured by
their orbit types, where the red ones can escape from their original planetary system and become
interstellar objects. The top-left inset shows the distributions of the effective spin period T and the
short-to-long axis ratio c{a of resulting fragments with massě 106 kg. The symbol size represents
the semi-major axis a for each fragment, and colour denotes the rotation index, where λ “ 1, 0,
and ´1 indicate the short-, intermediate-, and long-axis rotation states, respectively, and values in
between indicate non-principal-axis rotation states (see Methods). A friction angle of 35˝ and a
cohesive strength of 0 Pa are used in these simulations.
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Figure 2: Fragmentation outcomes of a range of material strengths at dp “ 3.5 ˆ 108 m for
the first set of models. a, b, Effective spin period and axis ratio distributions of fragments with
mass ě 106 kg for different material friction angles φ (a; C “ 0 Pa) and different later-turned-on
material cohesive strengths C (b; φ “ 35˝). The symbols have the same meanings as in the top-left
inset of Fig. 1. c, d, e, Examples of elongated fragments formed by tidal disruption (c, d, φ “ 35˝,
C “ 0 Pa; e, φ “ 35˝, C “ 0 Pa before crust formation at 3 hours post periastron and C “ 5.2 Pa
after this transition), where the colours show the bulk rotation.
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Figure 3: Thermal modelling of a close stellar flyby. a, Temperature evolution of the parent body
during its tidal encounter with the host star (Ms “ 0.5Md) on a parabolic orbit with a periastron
distance dp “ 3.5 ˆ 108 m. b, Temperature evolution of a fragment with an initial temperature of
20 K, whose surface is freshly exposed to the star after the parent body is broken up during the
periastron passage on the same orbit. In a and b, the temperature at various depths is represented by
solid lines with different colours, and the vacuum sublimation temperatures31 for H2O, CO2, and
CO, and the melting temperature of silicate32 are represented by dashed lines. c, depth evolution
of the H2O and CO2 sublimation layers during ‘Oumuamua’s flyby of the Sun. The red and green
dashed/dotted lines represent the buried depths of residual H2O and CO2 ices in the formation
scenario shown in a/b. The observation span of ‘Oumuamua is indicated by the light-blue region.
Plenty of residual H2O and CO2 ices can commence sublimation during the Solar System passage
as indicated by the bold lines.
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Methods
Soft-sphere discrete element model. We model the parent body as a self-gravitational aggre-
gate consisting of „20,000 spheres with a ´3-index power-law particle size distribution (i.e.,
d lnN{d lnS “ ´3, where N is the number of particles and S is the particle size). Within the
high-efficiency parallel tree code framework, PKDGRAV33, 34, a soft-sphere contact model is used
for computing particle contact forces with four components in the normal, tangential, rolling, and
twisting directions35–37. The compressive strength of the material is controlled by two stiffness
constants, (kN , kS), for the normal and tangential directions; the contact energy dissipation is con-
trolled by two coefficients of restitution, (εN , εS), for the normal and tangential directions; the
material shear strength is controlled by three friction coefficients for the tangential, rolling, and
twisting directions, (µS , µR, µT ), and a shape parameter, β; and the material cohesive strength is
controlled by an interparticle cohesive tensile strength, cp, along the normal direction.
The contact model as well as the relation between parameter setup and material strengths
have been calibrated with laboratory experiments on real sands35, 37. To precisely integrate the in-
teractions between particles, the timestep ∆t is set to 0.01 s for the simulations considered here.
The normal stiffness kN is set to ensure that particle overlaps do not exceed 1% of the minimum
particle radius. The tangential stiffness kS is set to p2{7qkN to keep normal and tangential oscil-
lation frequencies equal to each other. The coefficients of restitution, εN and εS , are set to 0.55
resembling the energy dissipation behaviours of terrestrial rocks38. µR and µT are set to 1.05 and
1.3, respectively, corresponding to sand particles of medium hardness39. The free parameters µS
and β are used to adjust the material friction angle36 φ, for which µS “ 0.2 and β “ 0.3 corre-
sponds to a friction angle of 27˝, µS “ 0.5 and β “ 0.4 corresponds to a friction angle of 32˝,
µS “ 1.0 and β “ 0.5 corresponds to a friction angle of 35˝, and µS “ 1.3 and β “ 0.7 cor-
responds to a friction angle of 38˝. The interparticle cohesion cp is used37 to adjust the material
cohesive strength C, for which cp “ 100 Pa corresponds to C “ 0.8 Pa, cp “ 200 Pa corresponds
to C “ 2.1 Pa, and cp “ 400 Pa corresponds to C “ 5.2 Pa for a constant friction angle of 35˝.
Fig. 2a shows more elongated fragments are formed with a larger friction angle. This de-
pendence is expected because higher shear resistance can slow down the relative motion between
the constituent particles as well as maintain the stability of more extreme shape. Normally, the
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friction angle of granular material is in the range of 25˝ to 45˝. Our numerical experiments show
that extremely elongated fragments with axis ratios of „0.3 can form even for a material friction
angle as low as 27˝. This implies that production of elongated fragments through tidal disruption is
robust. Nevertheless, the particles’ relative motion is hard to be damped out completely by friction
alone and c{a ă 0.2 is hard to achieve even using a friction angle above 40˝. The inclusion of
initial, constant cohesion into the parent body’s material also cannot help to form a more elongated
fragment (see Supplementary Fig. 2 and Supplementary Video 2).
However, the material cohesive strength of the parent body and its fragments can be changed
by the thermal effect during their periastron passage. In proximity of their original host, their
exposed surfaces could be briefly heated by the intense stellar radiation to a temperature above the
melting point of silicates, i.e., T ě 1600 K (see Fig. 3). On their outward journey, the solidification
of their surfaces facilitates the formation of sintering bonds between surface particles40, 41. The
enhanced cohesive strength inhibits subsequent break-apart and enables the formation and survival
of some very elongated fragments. We carried out a series of phase-transition simulations in which
cohesion between particles in the parent body is imposed 3 hours after the periastron passage
(when the silicates can re-condense). The production of fragments with c{a À 0.1 under such a
circumstance is shown in Fig. 2b and Supplementary Video 3.
We also explored the effects of shape, initial rotation state, and particle size distribution and
resolution of the parent body in the tidal disruption simulations (see Supplementary Figs. 3–5).
The production of elongated fragments with c{a ă 0.3 is robust in all the simulations.
Tidal disruption limiting distance. When an object approaches a star within the Roche limit,
tidal forces imposed by the star overwhelm the gravitational forces that hold the object together
and may disrupt it. The Roche limit of an initially spherical, non-spinning, viscous fluid object is18
dRoche “ 1.05
´Ms
ρp
¯1{3
,
where ρp is the bulk density of the object and Ms is the mass of the star. dRoche is appropriate to
predict the tidal disruption limiting distance for bodies in the gravity-dominated regime, such as
gas giants, super-Earths with molten interiors, minor and dwarf planets.
While for small bodies in the material-strength-dominated regime, their intrinsic material
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shear and cohesive strengths can prevent tidal disruption within this limit. To reflect the material
characteristics, we use the elastic-plastic continuum theory42 to estimate the tidal disruption limit
of small bodies in the material-strength-dominated regime,
dstr “
´?3
4pi
¯1{3´ 5C
4piGR2pρ
2
p
` 2 sinφ?
3p3´ sinφq
¯´1{3´Ms
ρp
¯1{3
,
which depends on the radius of the object Rp, and decreases with either a larger friction angle
φ or a stronger cohesive strength C. G is the gravitational constant. This limit is much smaller
than the Roche limit, e.g., even for low-strength materials with φ “ 25˝ and C “ 0 Pa, dstr “
0.9pMs{ρpq1{3 ă dRoche. Material strength in small bodies provides a stabilising effect against the
host star’s tidal perturbations.
When the object’s cohesive strength C ą 0 Pa, dstr is size-dependent. For example, during
a close flyby with a star with Ms “ 0.5Md and Rs “ 0.5Rd „ 3.5 ˆ 108 m, a cohesionless
object with ρp “ 2,000 kg m´3 and φ “ 35˝ can be tidally distorted if the periastron distance
dp ď dstr “ 6.3 ˆ 108 m. If its material contains a cohesive strength C “ 5.2 Pa, and its radius
Rp “ 100 m, dstr would be decreased to 4 ˆ 108 m. For a 10-m-radius object with equivalent
material strengths, dstr » 9.5 ˆ 107 m ă Rs, indicating that smaller bodies are much harder to be
tidally disrupted outside the stellar surface. It also indicates that 100-m-sized fragments with some
cohesion can be preserved without further fragmentation outside Rs. These analyses are consistent
with our simulation results, which show that an 100-m-radius object with equivalent properties and
no cohesion is slightly distorted when passing by the star at a distance of 6 ˆ 108 m (see Fig. 1)
whereas it can preserve its integrity with C “ 5.2 Pa at a smaller dp („ 4ˆ 108 m).
As the transition between regimes occurs at a few km radius, the limiting distance for tidal
disruption is given by dRoche in the gravity-dominated regime and dstr in the material-strength-
dominated regime as
dlimitpRpq “
$&%dRoche, Rp Á 1 km;dstr, Rp À 1 km.
Since dlimit9pMs{ρpq1{3, our simulation results can be scaled to different stellar mass Ms and
parent-body bulk density ρp.
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As Rs9Ms for main-sequence stars, dlimit{Rs9M´2{3s , the region where tidal disruption
occurs, i.e., Rs ă dp À dlimit, is much larger around lower-mass stars. For most of the Solar
System bodies, dlimit À Rd, in which case they would crush into the Sun’s surface before tidal
fragmentation. Some solar twin binary stars with planets exhibit signs of super-Earth ingestion43.
This fragmentation barrier also accounts for the absence of small bodies in the Solar System with
an extreme shape like ‘Oumuamua. In contrast, dlimitpRp Á 1 kmq is much larger than Rs for
stars with Ms ă 0.8Md. For a moderate cohesive strength C “ 10 Pa, which can be readily
provided by the sintering bonds formed during close stellar encounters, the radii of low-mass stars
are comparable to dlimitpRp „ 10–100 mq. Therefore, planets and planetesimals around low-mass
stars can be efficiently tidal-downsized to sub-km-sized fragments.
Most recently emerged white dwarfs in globular star clusters44 have Ms ě 0.53Md and
Rs „ 10´2Rd. Older isolated white dwarfs have comparable Rs and Ms. Since their dlimit " Rs,
there is a vast range of dp for tidal downsizing of planets and residual planetesimals. For a moderate
cohesive strength C “ 10 Pa, this downsizing can powderise these bodies into centimetre-sized
fragments at a periastron distance dp „ Rs. The production and preservation of ‘Oumuamua-
size ISOs (with a „ 100 m) requires the parent body passing the host at a distance of dp „
dlimitp100 mq „ 0.5Rd.
Ejection condition. As a single entity, the parent body passes through its periastron with an orbital
speed Vp “
ap1` e0qGMs{dp in the direction Vˆp, a unit orbital angular velocity vector Ωˆ “
dˆp ˆ Vˆp and total energy per unit mass
E0 “ ´GMsp1´ e0q
2dp
.
Under the intense tidal torque, the parent body acquires a prograde uniform spin angular frequency
Ωf “ fVp{dp, where f is a factor of order unity. After its tidal disruption, the fragments at distance
rf from the parent body’s centre of mass (in the direction rˆf ) acquire a modified velocity (relative
to the host star)
V1p “ Vp ` ΩfrfΩˆˆ rˆf .
For simplicity, we consider those fragments at rf “ ˘Rp{2 (i.e., half of the parent body’s size on
the far and near side to the host star, relative to the parent body’s centre of mass) and set rˆf “ dˆp.
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Since the individual fragments are no longer bound to each other, their energy per unit mass is
modified to
E 1˘ “ ´ GMs
dp ˘Rp{2 `
pVp ˘ ΩfRp{2q2
2
» ´GMsp1´ e0q
2dp
˘ GMs
2dp
p1` 2fqRp
dp
.
After the tidal disruption of the parent body, the fractional incremental energy change
|fE| “ |E
1˘ ´ E0|
|E0| »
p1` 2fq
p1´ e0q
Rp
dp
of the fragments in its outer region (with rf ą Rp{2) exceeds unity for
1´ e0 À 1´ e0,crit “ p1` 2fqRp
dp
.
In this limit, up to half of the fragments acquire sufficient energy to escape from the gravitational
confinement of the host star. Since p1 ´ e0,critq9Rp, this ejection criterion is more stringent for
small-size parent bodies.
Around host stars that bear planets (with massMJ and orbital semi-major axes aJ ), additional
gravitational binding energy ∆E “ ´GMJ{d needs to be taken into account at distance d ą aJ .
Since the post-periastron energy E 1 is conserved at d ă aJ , the criterion for fragments to escape is
E 1 ą ∆E or equivalently,
1´ e0 À p1` 2fqp1` 2MJa0{MsaJq
Rp
dp
.
The modification due to the Jovian-mass planet is generally small unless the initial a0 " aJ . Parent
bodies would be retained in the regions beyond the planets (analogous to the Kuiper belt and the
Oort cloud in the Solar System), if their
Rp À 2p1` 2fq
MJ
Ms
d2p
aJ
.
Rotation state. The rotation state of a body can be characterised by the effective spin period T
and the dynamic inertia ID, which are the spin period and moment of inertia of a sphere with an
equivalent total rotational energy and momentum, respectively45. The rotation mode of the body
can be inferred from the value of ID. With principal moments of inertia Iz ą Iy ą Ix, the body
rotates along its maximum moment of inertia if ID “ Iz; the body’s spin axis precesses along its
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maximum moment of inertia (i.e., short-axis mode, SAM) if Iz ą ID ą Iy; the body rotates along
its intermediate moment of inertia if ID “ Iy; the body’s spin axis precesses along its minimum
moment of inertia (i.e., long-axis mode, LAM) if Iy ą ID ą Ix; and the body rotates along its
minimum moment of inertia if ID “ Ix. Accordingly, we define the rotation index λ as
λ “
$&%pID ´ Iyq{pIz ´ Iyq, ID ě Iy;pID ´ Iyq{pIy ´ Ixq, otherwise.
Therefore, λ “ 1, 0, ´1 indicates the principal-axis rotation state about the maximum, intermedi-
ate, and minimum moment of inertia, respectively. 0 ă λ ă 1 indicates SAM and ´1 ă λ ă 0
indicates LAM.
Our simulations show that the fragments of tidal disruption primarily have prolate triaxial
shape (see Figs. 1, 2, and Supplementary Fig. 1). Although brightness variations of ‘Oumuamua
indicate an extremely small short-to-long axis ratio, the shape of this object is poorly constrained
due to lack of knowledge about its rotation state and albedo variation46. The most comprehensive
model published to date47 found that the large-amplitude variation in ‘Oumuamua’s light curve
can be interpreted as a tumbling prolate object with an axis ratio of c{a „1/8 or a tumbling oblate
object with an axis ratio of c{a „1/6. The probabilities of reproducing light curve minima as deep
as the observed values with a randomly oriented angular momentum vector are 16% for the best-fit
1/8 prolate and 91% for the 1/6 oblate model. Since the value of the axis ratio depends on the
orientation of the rotation pole, a more comprehensive probability comparison is warranted for a
range of prolate and oblate triaxial models (in addition to the best-fit models).
Among all of the small bodies in the Solar System with high-quality shape data48, none
of the oblate objects have an axis ratio c{a ď 0.4 while some prolate ones have an axis ratio
c{a „ 0.2. This distribution implies an extremely elongated “cigar-like” shape is more likely than
an extremely flat “pancake-like” shape. The prolate shape is also energetically more stable and
permits a much larger range of orientations of rotation pole on the sky46.
Damping timescales. The stress-strain cycling caused by the non-principal-axis rotation within a
non-rigid body will ultimately bring the axis of rotation into alignment with its principal axis of
the maximum moment of inertia. The characteristic damping timescale of the tumbling rotation
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can be estimated by49
τd » P
3
C3dD
2
,
where P and D are the rotation period and mean diameter of the body, respectively, and Cd is a
constant related to the rigidity, energy dissipation property and shape of the body. For P measured
in hours, D measured in kilometres, and τd measured in Gyr (109 years), the value of Cd is about
17 ˘ 2.5. For a hundred-meter-sized fragment formed by tidal disruption, the rotation period P
usually ranges from „5 hours to „50 hours (see Fig. 2) and the mean diameter D » 2 3?abc » 60
m, predicting 5ˆ 109 ď τd ď 1ˆ 1013 years, consistent with the damping timescales estimated for
‘Oumuamua5.
Thermal modelling. To evaluate the temperature evolution of an object during close encounters
with its original main-sequence host star, we use a finite-difference numerical technique to model
the heat conduction process. For comparison with previous analyses for ‘Oumuamua20, the same
setup is applied for the thermal modelling, in which the object has a comet-like Bond albedo of
0.01, a bolometric emissivity of 0.95, a thermal conductivity of 0.001 W m´1 K´1, a bulk density
of 1,000 kg m´3, and a heat capacity of 550 J kg´1 K´1. Assuming an encounter with a star with
a mass of 0.5Md, the stellar flux at 1 AU is about p0.5q3.5Fdp1 AUq » 121 W m´2, where Fd
is the local integrated flux of the Sun. The thermal modelling results can be scaled to different
thermal property values20. To show that volatiles in the subsurface can be preserved even under
the most extreme condition, we intentionally looked at the most intensive illumination condition.
The simulated surface element is assumed to be permanently illuminated by the star during the
encounter, and an orbit with a small periastron distance dp “ 3.5 ˆ 108 m is used for the thermal
analyses.
The simulation was started 153,000 days before periastron when the object was over 250
AU away from the star, where it had a temperature close to the interstellar temperature „10 K.
As shown in Fig. 3a, the surface temperature significantly increases 200 days before periastron,
but the subsurface region is almost impervious to the heat of the star. H2O ice buried Á0.2 m and
CO2 ice buried Á0.5 m beneath the surface can be preserved. The thermal simulation tracked the
temperature evolution until 110,000 days after periastron (well beyond the range showed in Fig. 3).
The results show that the slow inward propagation of periastron heat can activate the sublimation
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of CO ice buried below a depth of 3 m which is a large fraction of ‘Oumuamua’s minor axis c.
The thorough clearing of low-sublimation-temperature volatiles accounts for the lack of visible
cometary activities around ‘Oumuamua during its subsequent perihelion passage through the Solar
System in 2017.
If ‘Oumuamua is one of the fragments that originated from the parent body’s undifferentiated
interior, most of its surface area would be exposed to the star only after the periastron passage. Less
heat would be transferred to the interior (see Fig. 3b) and more volatiles could be preserved at a
shallower depth in its interior (H2O ice buried Á0.1 m and CO2 ice buried Á0.2 m beneath the
surface can be preserved).
Similar models can be constructed for main-sequence stars with different mass. The flux near
the stellar surface is9M1.5s (because the luminosity is9M3.5s andRs9Ms). Grazing passage in the
proximity of the stellar surface (over a timescale 9Ms) can heat the surfaces of intruding objects
well above the sublimation temperature of the volatile ices. However, the sub-surface volatile
deposits may be less efficiently depleted during the brief encounters with less luminous low-mass
stars. Around main-sequence hosts, energy dissipation due to the internal friction between particles
is too weak to cause a significant amount of volatile losses.
We also consider the possibility of white dwarfs as ‘Oumuamua’s original host stars. Prior
to their emergence, their progenitors go through a red giant phase when their envelopes engulf
planets and asteroids within a few AU and their radiation increases the equilibrium temperature
within „100 AU above most volatiles’ sublimation temperature. During their subsequent mass
loss to surrounding planetary nebula, a fraction of their outer planets and residual planetesimals
remain attached, though with more expanded orbits, to the white dwarfs’ gravity50. They join the
reservoir of potential parent bodies of asteroidal ISOs (see section “Asteroidal ISOs’ mass budget”
in Methods).
After the planetary nebula is dispersed, the luminosity of white dwarfs decreases from hun-
dredths of the luminosity in their main-sequence stage at age À 0.1 Gyr to ten thousandth of that
after 10 Gyr. For these ages, the equilibrium temperatures at dlimitpRp “ 100 mq „ 0.5Rd are
2600 K and 820 K for a 0.5Md white dwarf, respectively, well above the sublimation temperatures
of volatiles. The fragments’ silicate surfaces may become molten and their cohesive strength may
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be enhanced by the subsequent solidification. For grazing encounters with dp „ Rs, although
smaller (Rp Á 0.1 m) objects can withstand the intense tidal stress, they are expected to be totally
sublimated with 7 times higher equilibrium temperatures and accreted onto the white dwarfs in a
gas phase51.
During ‘Oumuamua’s recent excursion in the Solar System, its surface was once again ex-
posed by the Sun’s intense radiation. Heat diffusion can activate the sublimation of residual H2O
and CO2 ices7, 52. We simulated the heat conduction process for ‘Oumuamua during its Solar Sys-
tem passage using the same thermal properties introduced in the first paragraph of this section. The
simulation was started 51,000 days before perihelion when ‘Oumuamua was over 780 AU away
from the Sun and had a initial temperature of 10 K. The thermal analyses indicate that, during the
span of observation, the sublimation temperature of H2O ices is reached at „0.4 m beneath the
surface, and that of CO2 is reached at „0.5 m (see Fig. 3c), consistent with previous results7, 20.
Due to the consumption of H2O and CO2 during our hypothetical formation process, the CO2
buried in subsurface may not be activated during the observation, while the volatile inventory of
H2O is sufficient to provide the observed non-gravitational acceleration (see section “Vaporising
H2O ice by solar irradiation to provide the non-gravitational acceleration” in Methods). Because
of the time delay involved in thermal processes, the outgassing of H2O in the subsurface should
commence several days later after reaching sublimation temperature. This outgassing activity is
consistent with the low CO2 production rate during the observation8 and the non detection of H2O
during ‘Oumuamua’s perihelion passage53.
Motion relative to the Local Standard of Rest (LSR). Prior to ‘Oumuamua’s passage through
the Solar System, its velocity relative to the LSR (vO „ 10 km s´1) is small compared with that of
mature solar type stars2. Stars in the solar neighbourhood are formed in turbulent giant molecular
clouds (GMCs) that also gravitationally stir stars to gain velocity dispersion relatively to the LSR54.
Their velocity dispersion relative to the LSR is observed55 to be
vdpτsq „ vd0pτs{τd0q1{2,
where vd0 » 10 km s´1, τd0 » 1 Gyr, and τs is the stellar age. Relative to vd, the modest value of
vO may imply ‘Oumuamua comes from a young stellar system, although the possibility that it has
been travelling in the interstellar medium (ISM) for billions of years cannot be ruled out2, 11. Here
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we analyse the potential effects of the ISM drag and the coupling of motion with magnetic fields
on the ISOs’ velocity relative to the LSR.
The energy per unit mass of ISOs’ random motion increases at a rate 9egain “ p1{2qdv2d{dτ „
v2d0{2τd0. The motion of ISOs through the ISM (with a density nISM) also leads to energy dissipa-
tion at a rate
9ediss „ CDnISMmpv
3
dpiac
piac2ρO
,
where CD is the drag coefficient of order unity, mp is the mass of a proton, c and a are the sizes of a
prolate ellipsoid with semi-minor and semi-major axes (in the range of 10–100 m for ‘Oumuamua),
ρO is the bulk density (assuming „1,000 kg m´3 for ‘Oumuamua), and mass MO „ piρOac2,
respectively. They reach a terminal speed with
vterm »
ˆ
ρOc 9egain
CDnISMmp
˙1{3
„ vd0
ˆ
c
10 m
ρO
103 kg m´3
1010 m´3
nISM
˙1{3
.
Among the ISM’s multiple components56, the warm ionised or neutral hydrogen gas has
nISM „ 106 m´3, which is too tenuous to make a difference. Although the GMCs have nISM „
1010–1012 m´3, they occupy ă 1% of the volume and cannot be effective decelerators unless
‘Oumuamua was trapped in them. The cold neutral gas has nISM À 108 m´3 and fills a much
larger fractional volume than the GMCs, especially near the mid-galactic plane. It can only reduce
vterm to be comparable to that of ‘Oumuamua’s motion57, 58 if ‘Oumuamua’s ρO ! 1,000 kg m´3.
The ISM also contains magnetic fields with B „ 10 µG = 1 nT in the neutral medium and a
few times larger in the molecular clouds56, 59. As ‘Oumuamua moves through the field, an electric
field v ˆB is induced across it with an electric potential U „ avB. An Alfve´n wave is emitted
along a wing19 with a power
P » U2{Rwing “ a2v2B2{µ0vA.
In SI units, Rwing „ µ0vA is the effective resistance60 provided by the surrounding plasma, µ0 “
4pi ˆ 10´7 N A´2 is the permeability of free space, and vA „ 1 km s´1 is the Alfve´n speed. This
power dissipates ‘Oumuamua’s kinetic energy per unit mass at a rate dv2{dt » P {MO. When the
power dissipated in the Alfve´n wing is balanced by 9egain, a terminal speed is established with
22
vterm
vd0
»
ˆ
pic2
2a
ρO
τd0
µ0vA
B2
˙1{2
» 7
ˆ
ρO
103 kg m´3
˙1{2 ´ c
10 m
¯1{2 ˆ10c
a
˙1{2 ´ vA
1 km s´1
¯1{2 ˆ1 nT
B
˙
in SI units. In regions with B „ a few nT, small (c À 10 m) ISOs vterm is marginally comparable
to vd0 „ 10 km s´1 and ‘Oumuamua’s observed velocity relative to the LSR. The terminal speed
for ISOs with a „ c ě 1 km, is comparable to the dispersion speed with respect to the LSR for
stars with comparable age.
In the above estimate, we have assumed the magnetic diffusion timescale τm „ a2{η is
shorter than the tumbling timescale Ttum. The magnetic diffusivity η is 1{µ0σe, where the electric
conductivity σe of cold rock61 can be as low as 10´6 S m´1. In this limit, τm ! Ttum such that the
field is decoupled from ‘Oumuamua’s tumbling motion62. In order to determine the drag on the
‘Oumuamua’s spin (with a frequency ωO) by the Alfve´n wave63, we consider that its centre of mass
is at rest with the interstellar magnetic field and its spin axis is along its minor axis and is inclined to
the field lines at an angle θ. The spin of ‘Oumuamua in the field induces an effective potential drop
„ sinθBωOa2{8 between each end and the centre of mass of the spheroid (over a length a{2). The
total power emitted by the Alfve´n waves at both ends of the spheroid is „ sin2θB2ω2Oa4{32µ0vA.
This loss leads to a change in ‘Oumuamua’s spin energy„ piρoc2ω2Oa3{24 such that its spin evolves
on a timescale τω “ 9ωO{ωO „ p16{3sin2θqpvterm{vd0q2τd0, which is greater than a few Gyr. ISOs’
tumbling motion through magnetic fields (coupled to the turbulent interstellar medium) further
lengthens τω, so that the effect of Alfve´n wave radiation does not significantly affect ‘Oumuamua’s
spin frequency.
Vaporising H2O ice by solar irradiation to provide the non-gravitational acceleration. Since
other scenarios either require unrealistic physical properties or do not lead to sufficient thrust, out-
gassing is the most promising mechanism to account for ‘Oumuamua’s observed non-gravitational
acceleration during its brief passage through the inner Solar System7. Moreover, the light curve of
‘Oumuamua can also be well reproduced with the consideration of the torque caused by outgassing47.
Upper limits put on the production rate of several molecular species of ‘Oumuamua rule out2, 8, 9, 64
that the observed non-gravitational acceleration is driven by CN/C2/C3, CO2/CO, and micron-size
dust. Nevertheless, H2O remains a viable source of outgassing and may potentially account for
the non-gravitational forces7, 65. For an object with a mass of m, the acceleration generated from
vaporising water ice is aH2O “ QH2Oηvth{m, where QH2O is the production rate of H2O and vth
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is the gas thermal speed. The dimensionless efficiency factor η is largely affected by the geom-
etry of the emission. With a porous surface41, the outgassing of H2O molecules into vacuum is
expected to be collimated towards the Sun66 rather than in some random directions. The effective
irradiated area is taken as the projected area that is normal to the solar irradiation direction such
that η „ 1. During the span of observation (from 2017 October 19 to 2018 January 2), the surface
temperature of ‘Oumuamua varies from 350 K to 200 K with vth » 300–400 m/s. The observed
non-gravitational radial acceleration of ‘Oumuamua is about ang „ 5 ˆ 10´6pr{1 AUq´2 m s´2.
For a 200 m ˆ 20 m ˆ 20 m (a “ 100 m and b “ c “ 10 m) prolate object with a bulk density of
1,000 kg m´3, the required water sublimation production rate is QH2O » mang{vth „ 0.7 kg/s at 1
AU.
Assuming the effective irradiated area for a tumbling prolate object is Aeff , which is the
averaged projected area normal to the solar irradiation direction, the vapour production rate can be
estimated by
Q1H2O “
„p1´ pqFd ´ σT 4sub
∆H{NA ` γkBTsub

AeffmH2O,
where p is the surface albedo, Fd is the local integrated solar flux,  is the bolometric emissivity,
σ is the Stefan-Boltzmann constant, Tsub is the sublimation temperature, ∆H is the sublimation
enthalpy, NA is the Avogadro constant, γ is the heat capacity ratio, kB is the Boltzmann constant,
and mH2O is the mass of one H2O molecule. With p “ 0, Fd “ 1367pr{1AUq´2 W m´2,  “ 0.95,
Tsub “ 144 K, ∆H “ 54000 J/mol, γ “ 1.33, and Aeff “ piab, the maximum production rate at
1AU is „ 1.37 kg/s. This value is comparable to the required water vapour production rate QH2O
to account for the non-gravitational acceleration of ‘Oumuamua.
During the two months’ observations since ‘Oumuamua’s perihelion passage, the total out-
gassing amount of H2O to produce the non-gravitational acceleration is „1.2ˆ 106 kg. The water
ice inventory between „0.1–0.2 m and „0.4 m that can commence sublimation during this period
(see Fig. 3c), is sufficient to provide the required amount of H2O. This amount is a few percent of
MO so that ‘Oumuamua’s mass and size were not significantly modified.
Nevertheless, a low production rate of water ice has been suggested for ‘Oumuamua based
on its low observationally inferred carbon abundance and the C/O ratios of some Solar System
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comets67. If most of the volatile carbon-rich molecules have already sublimated and been ejected
from ‘Oumuamua when it was in the proximity of its original host star (see section “Thermal
modelling” in Methods), this constraint would be relaxed. Observations also indicate low C/O
ratios in extrasolar planetesimals68.
With a porous surface, dust production associated with the gas sublimation can also lead to
outgassing with silicate-water ice composition. This additional source would enhance ‘Oumua-
mua’s non-gravitational acceleration. If the grains are predominantly larger than a few hundred
micrometres to millimetres, they would not have been detected at optical wavelengths2, 7, 9, 64. Other
volatile gases including N2 and H2 can sublimate at lower temperatures with lower sublimation en-
thalpy. They are also more likely to be severely depleted during the debris’ close encounter with
their original host stars. Such propulsion fuel may need to be accreted onto ISOs during their
voyage through the GMCs69.
Asteroidal ISOs’ mass budget. Based on the sole detection of ‘Oumuamua during 3.5 yr opera-
tion of the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS), the spacial
density of asteroidal ISOs with ‘Oumuamua’s attributes is estimated10, 11 to be nISO „ 3.5ˆ1013´
2 ˆ 1015 pc´3. The range reflects uncertainties on detection efficiency and Sun’s gravitational
focusing effect.
There are potential candidates for ISOs’ original host stars in the solar neighbourhood. The
average stellar mass70 and number density11 are M˚ „ 0.37Md and n˚ „ 0.32 pc´3, respectively.
In order to attain nISO, each star must eject, on average, Nej » nISO{n˚ „ p1–60qˆ 1014 asteroidal
ISOs. Using ‘Oumuamua’s mass (MO À 108 kg for ρO “ 1,000 kg m´3, a “ 100 m, b “
c “ 10 m) to normalise the ISOs’ average mass MISO, the required mass ejection per star is
Mej “ NejMISO » p0.0017–0.1qpMISO{MOqM‘, i.e., a fraction of the mass of the Moon or the
Earth. Even for the upper limit, our estimate is two orders of magnitude less than some previous
estimates10 because we use a smaller ISO mass normalisation factorMO (than that of a sphere with
a “ b “ c “ 100 m and ρO “ 3,000 kg m´3) and a larger n˚ (relative to 0.1 pc´3). The magnitude
of Mej would be further reduced if ‘Oumuamua’s small speed relative to the LSR (in comparison
to the old field stars) leads to a local concentration of sub-km-sized ISOs.
We now compare Mej with various potential reservoirs of their progenitors. In situ Solar
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System formation scenario71 suggests a minimum mass „100M‘ of planetesimals within a few
tens of AU. Similar mass values are estimated for protostellar disks. Since stars form in clusters
with neighbours which perturb the outer (Á 100–1,000 AU) disk regions, fractional loss of residual
planetary building blocks is generally expected11. However, the detached planetesimals from these
regions are mostly icy, similar to the long-period comets (LPCs). Without surface transforma-
tion due to heating during their close encounters with their host stars, the ejected objects become
cometary ISOs, which may be the mechanism to eject the interstellar comet 2I/Borisov72 from its
original planetary system.
During advanced stages of their growth, proto gas and ice giant planets scatter73 a few M‘ of
nearby residual planetesimals. A fraction of the outwardly scattered objects settle in the inner and
outer Oort cloud (with orbital semi-major axes „2ˆ 103–2ˆ 104 AU and „2ˆ 104–2ˆ 105 AU,
respectively) as LPCs. From the average mass13 (Mcomet „ 4 ˆ 1013 kg) of individual LPCs and
their estimated total number21 (NLPC „ 1012), we infer a total mass MLPC “ NLPCMcomet „ 7M‘
for the LPC population.
In comparison with required asteroidal ISOs to be ejected per star, NLPC „ p0.00017–
0.01qNej, MLPC Á p70–4, 000qMej, because Mcomet Á 4 ˆ 105MO. In order for the LPCs to
evolve into sufficient number of ‘Oumuamua-like ISOs, they need to be efficiently scattered to
the proximity of the host star and substantially downsized analogous to comet Shoemaker-Levy-9.
LPCs in the outer Oort cloud are loosely bound to the Sun whereas those stored in the inner Oort
cloud are weakly perturbed by the combination of the Galactic tide, passing stars, gas and ice giant
planets. These effects can lead to the loss of half of LPC population to the interstellar space over
the Sun’s main sequence lifespan74. They also lead to an infusion of LPCs to the Sun’s proximity21
at the observed rate of „ 1–10 events per year75–77.
Similar dynamical processes can also occur around lower-mass stars. Although they rarely
bear gas giants, perturbations from the Galactic tides, field stars, ice giant planets, and super-Earths
may have more intense influence on the dynamical evolution of residual planetesimals around
lower-mass stars. Since MLPC „ 100Mej, they have adequate supply of potential parent bodies
for producing asteroidal ISOs by our hypothetical formation and ejection mechanism, even in the
limit that the mass of their debris disk is proportion to their own mass.
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As the host stars evolve off the main-sequence stage, the red-giant envelopes engulf plan-
ets and residual planetesimals within a few AU. While most of the outer major, dwarf, and mi-
nor planets are released to become freely floating planets and cometary ISOs, a fraction may be
retained30. The mass reduction of their hosts also promotes long-term orbital evolution29, 78, which
may lead to close stellar encounters and tidal disruption. Many white dwarfs show signs of on-
going and active accretion of refractory elements51, 79 at the rate of „105–106 kg s´1. Over the
white dwarfs’ cooling and dimming timescales, the integrated amount of mostly refractory ele-
ments accreted onto them51 is „0.001–0.1M‘. If a similar amount of 100-m-sized tidal disrupted
fragments are released from their host white dwarf, it would be comparable to the lower estimates
for Mej. However, parent bodies of asteroidal ISOs in this size range are preserved provided their
dp „ dlimitp100 mq „ 0.5Rd (see “Tidal disruption limiting distance” in Methods). This re-
quirement confines the formation domain around white dwarfs for the ‘Oumuamua-like asteroidal
ISOs. Finally, the progenitors of white dwarfs are main-sequence stars with mass in the range
(0.8–8)Md. They are an order of magnitude less numerous than the lower-mass main-sequence
stars. Nevertheless, they may provide the original host for a small fraction of the asteroidal ISOs
with ‘Oumuamua’s attributes.
Tidal disintegration of super-Earths around low-mass stars. In the main text, we introduce the
tidal disruption simulations of a self-gravity-dominated super-Earth (with Rp “ 2 ˆ 107 m and
Mp “ 11M‘) on an e0 “ 0.999 and dp “ 4 ˆ 108 m ă dRoche orbit around a 0.5Md host star. In
this case, half of the fragment, with mass up to Mupper „ 0.1Mp, can obtain a normalised orbital-
energy-per-unit-mass increment fE Á 1 and escape from the host star (see “Ejection condition”
in Methods). The ejection of such large fragments provides a potential release mechanism for the
freely floating super-Earths found by the microlensing observations80. The retained fragments with
eccentricity ă 1 and mass ÀMupper, come back for subsequent encounters and be ground down to
smaller fragments. These later-generation fragments also contribute to the population of asteroidal
ISOs. But, if multiple downsizing steps are needed, only a minute fraction of the initial Mp would
be transformed into sub-km-sized asteroidal ISOs.
In Methods section “Tidal disruption limiting distance”, we show that the condition for tidal
disruption is Rp-independent for large objects bound by gravity. But for small strength-dominated
bodies, the magnitude of dlimitpRpq is an increasing function of Rp. In the limit that dRoche Á dp Á
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Rs, the disintegration of planet-size objects continues to cascade until their fragments are reduced
to the size Rp for which dlimitpRpq „ Rs. Smaller fragments preserve their integrity outside the
stellar surface. Since dlimit{Rs9M´2{3, the region where tidal disruption occurs is more extended
around low-Ms stars.
We simulate the consequence of more intense tidal disruption with dp “ 1.0, 1.2, and 1.5 ˆ
108 m around a Ms “ 0.1Md and Rs „ 0.1Rd main-sequence star whose dRoche „ 4 ˆ 108
m. Our results show that, for dp “ 1.5 ˆ 108 m, the largest fragments’ mass Mupper „ 0.1Mp.
But, with dp “ 1.0 ˆ 108 m, the parent body breaks down to the numerical resolution limit with
Mupper À 6 ˆ 10´3Mp (see Supplementary Fig. 6). The size distribution of the fragments almost
matches its initial particles’ size distribution. In order to overcome the indicative limitation on
numerical resolution, we simulated tidal disruption of smaller (with Rp “ 105 m, 104 m, and 103
m) parent bodies. When the cohesive material strength is neglected, the simulations give very
similar results to the 2 ˆ 107 m model (these simulations do include the shear strength, which is
size-independent).
This powderization process ceases when the size of fragments enters the strength-dominated
regime81. For illustration, we impose cohesion in simulations with C “ 10 Pa using the same
encounter condition. In this limit, the model with Rp “ 1 km produces larger (a few hundred
meter-size) fragments than the cohesion-free model. The required cohesive strength for preserving
the integrity of a fragment can be estimated by
C ě 4piGR
2
pρ
2
p
5
ˆ?
3Ms
4piρsd3p
´ s
˙
.
Hundred-meter-sized fragments with C „ 50 Pa can survive in this extreme strong tidal disruption
event. This level of cohesive strength can be easily provided by the sintering bonds developed
during the surface solidification shortly after the periastron passage40. By this means, most of the
escaped fragments should have a size in the range of dozen meters to hundred meters, one of which
could be an ‘Oumuamua analog.
We estimate the probability of producing asteroidal ISOs by the tidal downsizing of dwarf
planets, super-Earths and ice giants. Most low-mass stars bear multiple super-Earths and sub-
Neptunes with mass on the order of a few M‘ („100Mej). The prospect of tapping these rich
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reservoirs to match Mej requires a few percent efficiency for the delivery of a single super-Earths
(or high efficiency of delivering a single dwarf planet) to the proximity of each individual host star
on a sufficiently high-eccentricity orbit. Some potentially efficient triggering mechanisms include
close encounters with, secular or Lidov-Kosai resonances induced by their binary stellar and gas
giant planetary companions or by perturbations from passing field stars11, 22, 25, 82.
Analogous to the Earth, Uranus, and Neptune, the molten cores of exoplanets probably con-
tain little CO but a vast amount of water under some super-critical phases. Planetary fragments’
water retention probability and outgassing efficiency under the condition of their formation and
subsequent intrusion into the Solar System are poorly known. It is highly uncertain whether the
mechanism we proposed for ‘Oumuamua’s non-gravitational acceleration can operate among the
relics of molten planetary cores.
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